Conductivity is a crucial parameter in water quality detection, which can roughly represent overall concentration of various inorganic ions. However, traditional conductivity sensors can only afford high performance measurement in a relatively low range while the concentration may vary much more in realworld water environment. This paper proposes a high-precision and wide-range measurement method based on a novel planar interdigital electrode sensor array and a self-adaptive algorithm. The array is composed of 3 pairs of planar electrodes with various cell constants aiming at different subdivided conductivity sections. The follow-up circuit and the self-adaptive algorithm keep the optimal electrode pair dominates the output of the array. Numerical simulations were utilized to optimize sensor parameters before fabrication. PCB manufacturing technique was used which guaranteed a relatively low manufacturing cost and stable performance. Experiments were conducted to verify the sensing performance and results showed that the array can maintain precise measurement from 0.5µs/cm to 500ms/cm.
I. INTRODUCTION
Conductivity is one of the most important parameters in water quality monitoring and aquatic environment protection. Since conductivity reveals amounts of inorganic ions in water [1] , [2] , it can acts as an indicator for water pollution. For example, if conductivity measured in a lake is much higher than the standard, it may suffer from water pollution like eutrophication. Similarly, sharp changing of conductivity implies a possible pollution event. Consequently, a quick and accurate conductivity measurement is of much help in water quality monitoring that makes some water pollution detectable at its early stage, while conductivity sensor is key device for it.
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Many forms of sensors for conductivity have been proposed in different research areas. M. Asgari and K. Lee proposed a fully-integrated CMOS electrical conductivity sensor for wet media that incorporated the sensing electrodes and the readout circuitry in the same die [3] . The detection range of the sensor spanned three orders of magnitude from 0.02 mS/cm to 10 mS/cm. Tejaswini et al. designed a capacitive-coupled probe for noncontact measurement of the conductivity of liquids [4] . Lin et al. used microfabricated platinum electrodes for a multifunctional sensor with ability of conductivity measurement [5] . Werner and Dean introduced genetic algorithm for a better performance [6] . Adhikary et al. utilized phase-angle to reduce noise [7] . Wang et al. proposed a noncontact method for measuring the electrical conductivity of metals based on eddy current testing [8] . Xia et al. [9] , Lambrou et al. [10] Cloete et al. [11] VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ developed conductivity sensor as a network node for real time monitoring of water in different fields. Sophocleous and Atkinson developed conductivity sensor for soil [12] . Liu et al. designed a wearable conductivity sensor for sweat monitoring [13] . However, although various types of conductivity sensor has been developed, the performance for water quality monitoring in real environment is still challenging [14] - [18] . The key problem is the balance of sensitivity and stability for wide-range measurement in a relatively harsh environment. As water conductivity in real-world scenario is unpredictable to a large extent, the measurement range should be large enough for all possible situations. But it is difficult for one sensor to maintain a reasonable sensitivity in such a wide range. Actually, it is the nature of conductivity measurement that the sensitivity will decrease as the conductivity increases for a pair of measuring electrode no matter what type of the electrode is designed. On the contrary, it is possible to maintain sensitivity to some extent if more pairs of sensing electrodes are utilized [19] . The paper proposes a novel planar sensor array with several pairs of interdigital electrodes for conductivity measurement, and a corresponding algorithm is derived to insure the sensitivity and stability in a wide conductivity ranges.
The rest of this paper is organized as follows. Section II presents a comprehensive discussion of mechanism of conductivity measurement and optimization method. Sensor design principle and parameters are discussed in section III. In Section IV, a series of experiments are conducted to verify the above theory and test the performance of the array. Section V is the conclusion and future work of this paper.
II. MEASUREMENT PRINCIPLE AND OPTIMIZATION METHOD A. MEASUREMENT PRINCIPLES
Conductivity is essentially created by free mobile ions. The total conductivity σ depends on bulk concentration C of conducting species, their mobility µ and charge z [20] . Obviously, there is a positive correlation between conductivity and ion concentration.
Although there exist some inductive methods, conductivity is generally measured by water bulk resistance. The relationship between them was illustrated in [1] , [20] . If in a bounded sample area with the surface area of the electrodes exposed to the analyzed sample A, and thickness of the sample between the electrodes d, according to Ohm s law, the bulk media resistance R BULK is
It can be rewritten as
where κ is defined as an electrode-related parameter and it is equated to d divided by A in this case. Accordingly, a typical conductivity measurement system is composed of a pair of sensor electrodes and water bulk, as shown in Fig. 1 . Rather than conventional resistance measurement, the water bulk has some unique characteristic. When the electrode is charged, not only water resistance will be observed but also electrical double layer (EDL) will be induced by charges of different polarity at the interface. EDL usually forms an imperfect capacitance which can be seen as a parallel connection of EDL capacitor and an interface resistance.
Correspondingly, equivalent circuit of the measurement system can be established as shown in Fig. 2 . Besides of the parallel connection of water bulk resistance R BULK and water bulk capacitance C BULK , there exist interfacial impedances composed of EDL capacitor C DL and interface resistance R INT . Theoretically, R BULK can be directly calculated based on the circuit, but a better approach is elimination of capacitive part by frequency selection. Usually, EDL may mostly diminish when applied AC frequency is above 1000 Hz, as there is not enough time for ion accumulation at a higher frequency. For the parallel connection of R BULK and C BULK , it would be resistive when frequency is low, and it will become capacitive if frequency is high enough. For common water which is not highly purified, C BULK is mostly observed at megahertz range. So the total impedance can be simplified as a pure resistance at some certain frequency ranges between 1K Hz and 1M Hz.
Nonetheless, water conductivity is more than a mere resistance measurement in real-world aquatic environment. The problem is to maintain performance in a wide conductivity range. As a key performance indicator, sensitivity can be calculated as
Equation (4) implies the sensitivity will inevitably drop as conductivity increases no matter what cell constant is designed. Apparently, a bigger κ is needed for a relative high sensitivity, but a mere giant κ alone is not enough because it leads to less stability. According to (3), κ acts as an amplification factor between σ and 1/R, so every measuring error will be multiplied by κ. Meanwhile, a bigger κ also means a greater range of resistance variation, so it challenges subsequent circuit in measurement accuracy and bring more quantization noise. Moreover, adding of κ will increase difficulty in sensor fabrication to some extent. Taking parallelplate electrodes for example, augment of κ means increasing the distance between the electrodes and decreasing the area which not only make the sensor greater in size but also unstable in the measurement. In conclusion, a high κ is preferred in high-conductivity water environment for its sensitivity, but a relatively small κ may have a better overall performance in low-conductivity environment.
B. SELF-ADAPTIVE ALGORITHM
It is clear that only one measuring electrode alone, regardless of what κ is set, can not afford high performance measurement in a wide concentration range. However, a sensor array may make it possible. The array can be composed of serval pairs measuring electrodes which are with different κ aiming at various subdivided concentration ranges. As each pair dominates various concentration ranges where they can keep reasonable sensitivities, it is possible to maintain both sensitivity and stability.
Suppose the whole conductivity scope is divided into 3 parts which are low-conductivity range, mid-conductivity range and high-conductivity range. Then 3 central conductivity C c can be introduced to represent each subdivide range, which is defined as
where C max is the max conductivity in subdivided range while C min is the minimum. Then, a sensor array composed of 3 pairs of measuring electrodes with different κ can be designed aiming at corresponding subdivided conductivity ranges. To be specific, electrodes with the smallest cell constant κ should dominate the measurement in low-conductivity range, and electrodes with a bigger κ for mid-conductivity range while the biggest κ for high-conductivity range. As shown in Fig. 3 , each electrode pair have a preferred subdivided conductivity range in which the electrodes may have their best measuring performance. Since 3 measurement results would be obtained by 3 pairs of electrodes, the final conductivity can be demonstrated as
where β is the weight coefficient for each measurement. Apparently, a bigger β makes corresponding measurement more dominative in the final result. It is also obvious that the sensitivity of the combination measurement can be represented as
For a self-adaptive method, all β should automatically change with current conductivity measured, so that the optimal electrode can always have the biggest β. Since each electrode targets at a subdivided range with a unique central conductivity C c , if the measurement result is closed to a certain C c , corresponding electrodes deserve a huge κ. The nearer measurement of a electrode approximates to its corresponding central conductivity, a bigger β it should have. Then, β is defined as
where σ is measurement result from a pair of electrode and C c is its targeted conductivity. Foe each pair of measurement electrodes, relationship between β, σ and C c is shown in Fig. 4 . Obviously, for any electrodes, the maximum value of β can be achieved when measured conductivity σ is equated to its matching C c . The more conductivity is deviated from its corresponding C c , the smaller β is obtained. Except for extreme case that measured conductivity is equated to a boundary value between two subdivision, the conductivity would inevitably fall into one conductivity subdivided zone where the relevant electrodes certainly have a bigger β. And it is all right for two pairs of electrodes share the same β at a boundary conductivity. Thus the setting of κ can ensure that the optimal electrodes will always be dominative when measured conductivity is closed to its corresponding C c . Furthermore, the process of auto optimization for β can be achieved and simplified by measurement circuit and reference resistor setting. The electrical equivalent circuit of measurement is shown in Fig. 5 . The sensor is connected to an AC supply, and R r denotes the reference resistor connected to the sensor. V 1 can be seen as input from AC supply while V 2 is voltage on R r . When the EDL effect and other capacitive effect are greatly reduced by frequency selection, the impedance of the sensor is purely resistive and can be expressed as
So it is easy to calculate R s from the measurement as well as corresponding σ , because R BULK is equated to κ/σ . Obviously, R s is alterable as it depends on concentration of ions in water, while R r is a fixed parameter in the circuit which is set as
where κ is the cell constant of the electrodes, and C c is its corresponding central conductivity. Therefore, each measurement circuit may have a certain R r which is calculable. With definition of R r , calculation for β can be transformed as Then, β can be easily calculated with two voltage measurements and a well-designed R r . Moreover, self-adaptive optimization for conductivity can be also achieved. Through the whole measurement and calculation, κ setting plays a critical role as it not only equilibrates overall sensing performance in different subdivided range, but also has direct relationship with R r and R s . Instead of direct assignment, value of κ comes from structure of electrodes which is related to all geometric parameters.
III. SENSOR DESIGN AND FABRICATION A. PLANAR ELECTRODE SENSOR
Traditional parallel-plate electrode is not eligible for the array because of its space construction. Planar structure, on the contrary, can integrate electrode pairs with various cell constants in a single board which not only provide a stable structure but also reduce overall cost.
As shown in Fig. 6 , planar electrode can be seen as the transform of parallel-plate electrode. Rather than stereo structure of parallel plate, planar electrode can be seen as a 2D structure with more stability and flexibility. A typical structure of planar electrode can be seen in Fig. 7 . The major structural parameters are electrode length L, electrode number N , electrode width w, and electrode space s. Due to one-side access structure, it is much more flexible than parallel-plate structure. The cell constant κ is designable by fingers config as
where K (k) is the complete elliptic integral of the first kind: k is related to geometric parameters. When there is only two fingers, k can be approximated by
When N is more than two fingers, k is defined as
For simplifying equations, α is introduced which is defined as the ratio of electrode space s and electrode width w
Then both (14) and (15) can be reduced, and (12) can be rewritten as following when fingers are more than two
Accordingly, κ can be calculated precisely by parameter setting. As discussed above, a higher κ should be utilized in water environment with higher conductivity for a proper sensitivity. Thus, after potential conductivity range in real-world water environment being divided into several parts, an array with a series of κ can be accordingly designed, so that each pair of electrodes can deal with a subdivided conductivity range, keeping the both sensitivity and stability. The specific parameters can be obtained by simulation and then be utilized in the fabrication.
B. SIMULATION
Matlab is employed for numerical simulation to reveal relationship between geometric parameters and κ based on (17) . The relationship between α and κ is analyzed and shown in Fig. 8 , where N is set as 10 and L is 0.1 mm. Distinctly, there is a sharp augment of κ as α increases when it is very small, and the trend slows down as α grows. It is also inferred that increasing s or decreasing w may enhance κ, and vice versa. Effect of electrode number N is shown in Fig. 9 , where α is set as 1 and L is set as 0.1 mm. Fig. 10 reveals the effect of L where N is set as 10 and α is set as 1. Both effects of N and L are similar and increasing of each will reduce κ. It is also noticeable that N should be an integer while L is much more customizable. If both N and L alter with the same trend, κ will change remarkably.
After effects of geometrical parameter has been revealed, some specific parameters for κ were set and simulation results were shown in table 1. With three groups of parameters, three κ were figured out. Basically, κ 1 is 10 times κ 2 , and κ 2 is 10 times κ 3 . Simulation results suggested that the adjusting of electrode parameters can designedly change κ, and the parameters were used for sensor fabrication.
C. SENSOR FABRICATION
Sensor array was fabricated using printed circuit board technology which was with advantage of rapid manufacturing, low cost and stable property. The array was composed of 3 pairs of sensing electrodes, and related parameters were the same as in Table 1 . Fig. 11 shows fabricated sensor array. The base board was made of FR-4 glass-reinforced epoxy laminate material, and the whole board size was 75 mm * 70 mm * 1.6 mm. The three pairs were marked as S1, S2 and S3. Only sensing part was exposed and some pads were designed for lead wire. Stannum was used to cover sensing copper electrode for protection, and the thickness of copper and stannum were 35 µm and 20 µm.
IV. EXPERIMENTS A. MEASUREMENT SETTING
Basic principle of measurement follows the idea in Fig. 5 and the real experiment setting is represented in Fig.12 . A Siglent SOG2122X function waveform generator was used to create standard sinusoidal waveform with peak-to-peak value of 5 V and frequency of 10 kHz as input. A Tektronix MOD3104 mixed domain oscilloscope was used to record the both input and output. The three pairs shared the same input as V1 and had 3 different outputs as V2. A beaker was used for the sample container and the sensing part was totally immersed into the water sample. All the experiments were conducted at 25 degrees Celsius.
B. CALIBRATION OF CELL CONSTANT
The first step was calibration of κ with two commercial conductivity sensors from Suntex and Sinomeasure. A group of water samples were carefully prepared with the conductivities of 5µs/cm, 10µs/cm, 20µs/cm, 50µs/cm, 100µs/cm, 200µs/cm, 500µs/cm, 1ms/cm, 2ms/cm, 5ms/cm, 10ms/cm, 20ms/cm, and 50ms/cm. The conductivity range can cover most cases which may happen in reality from pure water to concentrated liquor. Another purpose for the test is checking whether the capacitive impedance is reduced. Measurement results from different samples showed that there were little phase differences between V 1 and V 2 in each case implying the capacitive part of impedance was eliminated. Fig.13 showed the relationship between conductivity and R s measured.
Distinctly, all three electrodes showed nearly perfect reciprocal relationship between conductivity and resistance. Then, three κ were calculated as 0.11mm −1 for S1, 0.021mm −1 for S2, and 0.0028mm −1 for S3. Compared to simulation result in table 1, sensor 3 showed highly consistency, but κ of sensor 2 and sensor 1 were smaller than those from simulation. Reasons for the deviation may be that simulation of Matlab only considered one side of corresponding electrodes in 2D model while the sensor array was a 3D device in reality. Taking the height of electrodes into consideration, the electrodes should be more conductive than those from mere numerical simulation, especially when the electrode number is very small. So the κ from simulation were smaller than those from experiments. With growing of electrode number, the effect of electrode hight was weaken, and experiment was closed to simulation result. 
C. WEIGHT COEFFICIENT AND SENSITIVITY
After calculation of κ, 3 central conductivities were required. The total measurement range was set from 0.5µs/cm to 500ms/cm which was wide enough for water environment detection. The range was then divided into 3 groups: 0.5µs/cm to 50µs/cm, 50µs/cm to 5ms/cm, and 5ms/cm to 500ms/cm, forming 3 central conductivities 5µs/cm, 500µs/cm, and 50ms/cm. Thus, three R r can be calculated as 22 , 380 , and 5600 . Since both central conductivities C c and reference resistances R r had been confirmed, distribution of each weight coefficient β in the whole measurement range can be calculated.
The changing of each β with various conductivities was shown in Fig. 14. As conductivity grows, sensor 3 dominates the lowest conductivity range with β 3 , sensor 2 dominates mid conductivity range with β 2 , and sensor 1 dominates the highest conductivity range with β 1 . The variation tendency of β is desirable as sensor 3 has the minimum κ, senor 2 has medium κ and sensor 1 had the highest κ.
Sensitivity variations were according calculated too. As shown in Fig. 15 , sensitivities for S 1 , S 2 , and S 3 were calculated according to (4) , while the final sensitivity of the array was calculated on basis of (7) and data of β in Fig. 15 . Each sensitivity dropped as conductivity increased, but the compositive sensitivity from the array had a better performance than any single sensing pair. It kept a relatively small value in low conductivity range, and a relatively high value in high conductivity zone which was an optimal working strategy for overall sensing performance as discussed before.
D. REPRODUCIBILITY AND MEASUREMENT RANGE ANALYSIS
More tests were conducted for stability and reproducibility. Seven samples were prepared for the array and commercial sensors. Sample 3, sample 4, and sample 5 had similar conductivity, while other samples have various conductivities. Thus both reproducibility and overall detection performance can be evaluated. As represented in Fig. 16 , results showed that the array had equivalent sensing performance compared to commercial sensors. Comparison from sample 3, 4, and 5 verified the reproducibility of the array, as they showed high consistency.
It was also observed that the array had a wider measurement range than two commercial sensors, since sample 1 was beyond measurement range of commercial sensor 2 while sample 7 was out of the measurement range of commercial sensor 1. The wide range measurement may be attributed to dynamic κ. It is clear that a large κ results in a huge resistance, especially in a low conductivity environment. Similarly, a small resistance will be observed in high conductivity environment with a tiny κ. Thus, the two extremum values limited both measuring precision and measuring range. The bigger gap between them, the more difficult it is for the measurement. But the overall measuring performance can be greatly improved by compositive measurement of the array. Table 2 shows extremum resistance values and corresponding β measured in experiments.
Apparently, 2.2M was maximum resistance value while 0.056 was the minimum, and either of them challenged the measurement. However, as the two extreme values have very tiny β, they were much less important than other values in the final result of the sensing array. Actually, 0.056M rather than 2.2M , and 2.2 rather than 0.056 dominated the measurement as the maxima and minima. Therefore, the maximum resistance needed in reality was reduced by 97% while the minimum resistance needed is increased by 39 times, which greatly lower the requirement of subsequent circuit. Consequently, both conductivity range and measurement accuracy can be enhanced.
V. CONCLUSION
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